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Joon Y. Choe and Tae K. Oh

Naval Surface Warfare Center, Dahlgren, VA

Abstract - An experimental acousto-optic tunable filter that has a narrow spectral bandwidth (0.2

nm at 1550 nm) and a fast (10 psec) tuning capability with a continuous tuning range of 52 nm is

described. By combining a conventional diffraction grating with an acousto-optic beam deflector,

spectral bandwidth has been significantly reduced and the number of usable wavelength channels

within the erbium-doped fiber amplifier (EDFA) passband is increased by approximately 20

times. The filter also permits simultaneous and independent selection/routing of many

wavelength channels for multi-channel wavelength division multiplexing (WDM)

filters/routers/switches or fast scan optical spectrum analyses.

To be submitted to Applied Physics Letters
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Introduction

Recent interest in dense wavelength-division multiplexing (WDM) increasingly demands

a faster tunable spectral filter with a narrower bandwidth to permit a larger number of

wavelength channels within the EDFA passband (1.53 pm to 1.57 pm) [1-4]. Acousto-optic

devices are promising for this application because they provide fast wavelength tuning (on the

order of a few microseconds), wide tuning range (>100 nm) and simultaneous and independent

selection of many wavelengths [5-13]. However, conventional acousto-optic tunable filters

(AOTF’s) have the sidelobe crosstalk problem that seriously limits their use in current dense

WDM. Most of the suggested methods to reduce the problem have been limited to apodization,

tapering, etc. [14,15]

In this paper, we propose a different approach to reduce the crosstalk significantly by

reducing the spectral bandwidth with the assistance of a diffraction grating. Although grating-

assisted coupling of waveguides has been used for many years to implement directional couplers,

filters, lasers, and other planar devices [16-18], one should note that the grating vector in our

device is normal to the light propagation direction, unlike other conventional grating-assisted

devices in which grating vector is along the light propagation direction. We use the concept to

resolve the crosstalk problem of AOTF’s for the first time to our knowledge. As will be

explained later. By selecting a slow shear mode Te0
2
crystal (30 MHz -50 MHz) with a 10 ps

aperture size, and by incorporating it with a 1200 grooves/mm diffraction grating, high spectral

resolution (< 0.2 nm), broad tuning range (50 nm to cover the entire EFDA passband) and fast

tuning speed (<10 ps) are obtained in the 1.55 pm region.
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Figure 1 compares three types of acousto-optic devices that have wavelength-selection

capability : (a) acousto-optic tunable filters (AOTF’s) (b) conventional acousto-optic spectrum

analyzers (AOS’s) and (c) our novel grating-assisted acousto-optic tunable filter (GA-AOTF)

proposed in this paper. Table I also compares the three devices with regard to the grating period

or the beat length, the number of gratings (or beats in case of bireffingent AOTF’s) for the given

interaction length (L), spectral bandwidth and tuning range.

AOTFs (shown in Figure 1(a)) normally have a collinear configuration using bireffingent

acousto-optic materials [5-13] and are most commonly used in current WDM applications due to

its compact configuration and potential for low power consumption in an integrated device. The

spectral bandwidth of an AOTF is given by

N =
An • L

X
( 1 )

where An is the birefringence inside an acousto-optic medium, L is acousto-optic interaction

length, X is the wavelength of light and N is the number of beats within the interaction length.

Since the birefringence is small ( An «1), N is small and thus the bandwidth is relatively large

compared with conventional diffraction gratings. For a typical example of An=0.08, L=2 cm, and

^=1550 nm, 5^=1. 5 nm is obtained [13]. The sidelobes due to the relatively large bandwidth

cause a crosstalk problem in dense WDM.

In an acousto-optic spectrum analyzer shown in Figure 1 (b), spectral bandwidth is given

by

N =
L

A AO

(2)
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where Aa0 is the period the acoustic wave inside a medium and N is the number of acoustic

periods within the optical aperture and is equal to time-bandwidth product (TBP). The TBP can

be increased by increasing the frequency of the sound, choosing a “slow” AO material, and by

increasing the optical aperture size. However, all these three parameters are related with each

other. For instance, the increase in frequency causes an acoustic attenuation which is proportional

to frequency squared which in turn results in a reduction in a usable aperture size. Also, the use

of a slow AO material will result in slower tuning speed. In addition, the acoustic material should

have high figure of merits to permit high diffraction efficiency at low power consumption.

Typically, TBP of an acousto-optic beam deflector (AOBD) is limited to less than 1 ,000 in the

1.55 pm wavelength region, yielding a broad bandwidth. Furthermore, the small diffraction angle

of an AOBD due to the large acoustic grating period Aao requires a lens with a long focal length

in order to separate the output channels, making a tunable filter bulky. Therefore, it is known

that an acousto-optic beam deflector followed by a slit or pinhole is not attractive as a tunable

filter [4].

The above-mentioned bandwidth limitation of an acousto-optic tunable filter can be

significantly alleviated by simply adding a conventional diffraction grating after an AOBD, as

shown in Figure 1 (c). In this case, beam deflection angle, A0, for an increment in wavelength,

AA, and an increment in acoustic frequency, Af, is given by

An AA f-AA A-Af
A6 =— + + (3)

d v v

where, A, d, v, and f are light wavelength, the period of a diffraction grating, acoustic velocity,

and the center frequency of an AOBD, respectively. In general, d « A ao = and so the beam

deflection angle can be approximated to
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aA AX X-Af
A9 «— +

d v
(4)

Therefore, wavelength-dependent dispersion is mainly determined by a diffraction grating (first

term) and an AOBD functions as a beam steerer to shift the whole spectrum up and down in the

spectrum plane. Desired wavelengths can be selected through a pinhole, a slit or an optical fiber

in the spectrum plane by adjusting rf frequencies. Spectral bandwidth, 5X, is given by

8X = —
, N = L/d

,

N
(5)

where N is the number of grating periods within the optical aperture, L. Here one should note

that the short periods, d, of conventional diffraction gratings (approximately 1/20 times of those

of acousto-optic beam deflectors) permit large N and thus narrow spectral bandwidths. Tuning

range, AXT can be calculated by equating the first and second term of Eq. (4) to yield

A^t =X-d-Af/v = X-— •—

.

(6)
f aao

For a typical example of a slow shear mode Te0
2
AOBD at 1.55 pm (v = 617 m/s, f = 35 MHz,

Af = 25 MHz) and a diffraction grating (1200 grooves/mm), d = 1/1200 mm = 0.83 pm, Aa0 =

v/f = 617 m/s / 35 MHz = 17.6 pm. Therefore, spectral bandwidth 5X = 0.2nm and tuning range

AXT = 52 nm. Here one should note that the tuning range has been reduced by the ratio, d/A A0

(= 5 %) compared with that of the original AOS (shown in Figure 1(b)). This is a penalty paid for

the narrow spectral bandwidth. However, the reduced tuning range is still broad enough to cover

the whole EDFA passband which is the main interest in current WDM. For applications requiring

a larger tuning range, an acousto-optic material with a larger Af / v ratio can be used. As in other

acousto-optic devices, many rf frequencies can be applied to the AOBD for simultaneous and
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independent selection of many different channels through the same output node. Also, unlike the

AOTF, the outputs can be directly routed to many different nodes.

EXPERIMENTAL SETUP

Figure 2 shows a schematic of our experimental setup to prove the concept of the narrow

bandwidth GA-AOTF. The light from a light source (1.55 pm wavelength region) is coupled into

a single-mode fiber and is divided into two by a directional coupler : one goes to a conventional

optical spectrum analyzer (ANDO AQ-6315A) and the other goes to our GA-AOTF. Light from

the single-mode fiber which is pigtailed to the light source is collimated by a lens Lj (f = 5 cm,

D= 1.8 cm) and is deflected by an AOBD. The AOBD we used in our experiment was originally

designed for visible wavelengths (Crystal Technology, Model 4050-2A, Te02 ,
slow shear mode,

514 nm) and was not optimized at 1.55 pm. However, it showed a reasonably high efficiency

(around 10 % at 1550 nm region) at rf frequencies of 30 MHz to 50 MHz. A diffraction grating

(Richardson Grating Lab., 1200 grooves/mm, 1.55 pm, Littrow angle = 68.41°, gold coated)

diffracts the light from the AOBD. Incident angle to the diffraction grating is close to the normal

to the surface and the diffraction angle is around 30°. The diffracted light is folded by an IR

mirror and is focused by a lens (focal length = 38 cm) at the focal plane. The spectrum thus

obtained at the focal plane is detected by an IR camera (Hamamatsu, Model No. C2741). A

special care is taken to ensure high collimation by using a plane parallel plate.

Experimental results
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Figure 3 shows the experimental results obtained from the setup described above. As a

test light source, a 1.55 pm fiber-pigtailed Faby-Perot laser diode is used. The Fabry-Perot laser

diode has many longitudinal modes separated by 1.2 nm which is beyond the resolution of

commercially available AOTFs. Figure 3 (a) shows a spectrum obtained from a conventional

AOS shown in Figure 2 (b). As expected, it cannot resolve the Fabry-Perot lines. Figure 3 (b)

shows a spectrum obtained by the GA-AOTF in which a diffracting grating is inserted to the

system in Figure 2 (b). As shown in the figure, the Fabry-Perot lines are clearly resolved, even

though the IR camera is blurred due to over-exposure.

Figure 4 shows the tuning capability of the GA-AOTF. The whole spectrum can be

shifted rapidly (within 10 ps) along the acoustic wave direction by varying the acoustic

frequencies; (a) 40 MHz, (b) 45 MHz and (c) 55 MHz. Therefore, through a pinhole, slit or a

fiber in this plane, desired wavelengths can be selected within several microseconds.

To keep the access time less than 10 ps, the aperture of the AOBD is reduced to about 6

mm, resulting in the spectral bandwidth of 0.2 nm. The bandwidth can be further reduced by

several different ways: either by increasing the aperture size of the AOBD by sacrificing access

time, or by using faster acousto-optic materials such as LiNb0
3

.

Conclusion:

We have proposed and demonstrated a novel GA-AOTF that has a narrow spectral

bandwidth to permit a significantly (around 20 times) larger number of wavelength channels
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compared with conventional AOS’s or the AOTF’s, while preserving fast tuning speed (on the

order of ps) and a broad tuning range to cover the whole EDFA passband. The filter also permits

simultaneous and independent selection/routing of many wavelength channels and thus can be

used as multi-channel wavelength division multiplexing (WDM) filters/routers/switches or fast

scan optical spectrum analyzers [19]. The proposed device architecture can be integrated into a

waveguide device for low power consumption and a compact size using the technique developed

by Soole et al [20].

Acknowledgment: This work was supported by the U.S. Office ofNaval Research (ONR) under

contract NC00 1 4-97-F-002 1
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Figure Captions:

Figure 1 Acousto-optic wavelength-selective devices: (a) an acousto-optic tunable

filter (AOTF), (b) an acousto-optic spectrum analyzer (AOS) and (c)

grating-assisted acousto-optic tunable filter (GA-AOTF).

Figure 2 Schematic experimental setup of the GA-AOTF.

Figure 3 Spectra of a Fabry-Perot laser diode obtained from (a) a conventional

acousto-optic spectrum analyzer and (b) GA-AOTF. The GA-AOTF

clearly resolves the Fabry-Perot laser lines which are separated by 1.2 nm

that is beyond the resolution of commercially availabble AOTF’s.

Figure 4 Scanning of a spectrum for various rf acoustic frequencies: (a) 35 MHz,

(b) 40 MHz and (c) 45 MHz.
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AOTFw >O GO GA-AOTF* 1”

Period or Beat length

( in pm)
\t\

(== 15.5) Aa0 =j(=17.6)
d = 1/1200 mm

(= 0.83)

N- L An •L L L

Period or beat length X AO d

N for L=1 cm 645 570 12,000

Spectral Bandwidth for 2.4 2.7 0.13

X
L=1 cm (bX = —

,
in nm)

N

Tuning range (in nm) x.M
f

(1550-
16M

=142)
175M

f

(=1100)

X • Af
,

Af d
d = X

V f Aao

(=52)

Table I. Comparison of the three acousto-optic tunable filters shown in Figure 1, the AOTF, the

conventional AOS and the GA-AOTF. The following typical parameters are used at the

wavelength of 1 .55 pm.

(a) LiNb0
3 , slow shear mode (An = 0.1, v = 3700 m/sec, f=l 75 MHz, Af=16 MHz)

(b) Te0
2 ,
slow shear mode (v = 617 m/sec, f = 35 MHz, Af=25 MHz, Aa0 = v/f = 17.6 pm)
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